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The resorption and formation of bone is a delicate balance between osteoblasts, osteocytes, and osteoclasts. The regenerative activity of bone is such that the adult skeleton is replaced in its entirety every ten years. Osteocytes, which are considered to be mature osteoblasts, are derived from mesenchymal stem cells. 1 The primary role of an osteoblast is the deposition of bone osteoid matrix. As the osteoblast matures, it becomes ensheathed within the bone matrix and transforms into an osteocyte. 2 Osteocytes comprise more than 95% of bone cells. 1, 2 Osteoclasts are large, multinucleate cells which are created from the fusion of multiple monocytes. 1 The primary role of osteoclasts within the process of bone repair and remodelling is the resorption of bone matrix through the production of proteolytic enzymes. 3 Osteoblasts and osteocytes play a key role in the signaling pathway of bone through the secretion of two proteins: receptor activator of nuclear factor kappa-β ligand (RANKL) and osteoprotegerin (OPG) . RANKL helps to promote the maturation of osteoclasts and upregulates the resorption of bone matrix by osteoclasts. OPG is an antagonist to RANKL; it behaves as a decoy receptor, binding and sequestering RANKL and preventing it from binding to the receptors expressed on the cell membranes of osteoclasts. Sclerostin, a glycoprotein which is also expressed by mature osteocytes, has recently been noted to be important in the regulation of bone mass. 1 Sclerostin is secreted in response to mechanical loading, inflammatory molecules (such as prostaglandin E2), and hormones (parathyroid hormone, gonadotropin-releasing hormone, and estrogen). [4] [5] [6] [7] [8] [9] [10] [11] [12] Sclerostin is another member of the bone-signaling pathway, which works as a negative regulator of bone mass by the downregulation of osteoblasts. 13 Sclerostin has been implicated in osteoporosis-related fractures, failure of the osseointegration of implants, metastatic bone disease, and genetic diseases of bone. 1 Although osteoclasts play a critical role in osseous homeostasis, these cells merely react to stimuli in the bone-signalling pathway and do not actively provide regulation through the secretion of proteins or ligands.
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Phases of bone repair
The repair of bone has been classified into three distinct phases: inflammatory, proliferative, and remodelling. 14 The inflammatory phase is controlled by a cascade of growth factors, which include transforming growth factor-β (TGF-β), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), insulin-like growth factor-1 (IGF-1), interleukins, vascular endothelial growth factor (VEGF), and bone morphogenic proteins (BMPs). These factors, released in response to the osseous insult, aid the inward migration, recruitment, and proliferation of the mesenchymal stem cells which go on to differentiate into osteoblasts, chondrocytes, adipocytes, and endothelial cells. 14, 15 The result of the inflammatory phase is the formation of a primitive callus. This callus is organised further during the proliferative, or fibroplasia, phase. During the proliferative phase, a periosteal response occurs, leading to the replacement of the primitive callus by immature woven bone through intramembranous or endochondral ossification. 16 During the final phase of bone repair, this irregular woven bone is converted into lamellar bone. 17 This involves replacement of the mineralised callus with mature mineralised bone and remodelling of the area of bone back to its original shape and size. 14 The final product of bone repair is an area of bone that has returned to its previous biomechanical state. 14 
Role of bone grafting
Bone grafting has been employed for many years by orthopaedic surgeons to assist with the process of bone repair, and is used across all subspecialties within orthopaedics. The complications of traumatic injuries such as delayed union, nonunion, and malunion will often require the use of bone grafts. Aside from trauma, bone grafts are used to fill osseous defects caused by tumours or as a result of periprosthetic osteolysis.
Many forms of bone graft are available, but they are classified into three broad categories: autogenous bone, allograft, and bone graft substitutes. Bone grafts differ in terms of their properties of osteoconduction, osteoinduction, osteogenesis, and structural support. As a result, in order to identify the ideal graft, surgeons should have an understanding of the requirements of the clinical situation and of the specific properties of the different types of bone graft.
Properties of bone grafts
Osteoconduction. The ability to provide an environment capable of hosting the indigenous mesenchymal stem cells, osteoblasts, and osteoclasts is essential for the function of bone graft. Osteoconduction is the process by which a graft acts as a scaffold, passively hosting the necessary cells. 18 Microscopically, the porous osteoconductive lattice of bone graft resembles the structure of cancellous bone. 19 All bone grafts provide some degree of osteoconductive scaffold. The bioceramic bone graft substitutes, such as calcium sulphate and calcium phosphate, behave exclusively as osteoconductive scaffolds.
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Osteoinduction. The concept of osteoinduction was first described by Urist in the discovery of BMP. 21 Osteoinduction has been defined as the process of recruitment, proliferation, and differentiation of host mesenchymal stem cells into chondroblasts and osteoblasts. Extensive research has identified BMPs (specifically BMP-2, -4, -6, -7, -9, and -14), FGF, PDGF, and VEGF as common growth factors involved in the osteoinductive process of new bone formation. 18, 20 Osteogenesis. In order for a bone graft to possess the property of osteogenesis, it must contain viable mesenchymal stem cells, osteoblasts, and osteocytes. 18 Osteogenic bone grafts have all the cellular elements, growth factors and scaffolding required to form new bone. The most widely used osteogenic bone graft is autogenous bone, which is commonly harvested from the iliac crest. Additionally, the decortication performed during a spinal fusion is considered to be an osteogenic process as it exposes cancellous bone that is rich in osteogenic cells. Bone marrow aspirate in combination with allograft has also been employed to provide osteogenesis while limiting the morbidity of iliac crest bone graft. 15, 18 Structural support. Under select conditions, bone grafts are required to provide structural support, as well as stimulating bone repair. When structural support is required, bone grafts such as cortical and vascularised bone grafts are effective options.
Autogenous and allograft bone
Autogenous grafts and allografts were among the first types of bone graft used and are still widely used today. Autogenous bone graft is considered the benchmark because it possesses all the properties required while retaining complete histocompatibility. It is osteoconductive, osteoinductive (owing to the presence of growth factors), and contains living osteogenic cells. Some forms of autogenous graft (for instance vascularised fibula grafts) can also provide structural support. However, autogenous grafts are in limited supply and are associated with high rates of donor site morbidity, which may lead to an increased inpatient stay and higher associated costs. 22 The major and minor complication rates of autogenous bone graft harvest have been reported at 8.6% and 20.6%, respectively. 23 Cadaveric allograft bone is available in either cancellous or cortical forms, or as demineralised bone matrix (DBM). Allografts are primarily osteoconductive, while DBM is processed in such a way as to retain osteoinductive properties. 24 Cortical allografts (such as the strut grafts typically used in reconstruction of the femur in revision hip arthroplasty) can also provide structural support. While they have no osteogenic properties, allografts address several of the disadvantages of autogenous grafts in that they are available in large quantities, are not associated with donor site morbidity or the increased operative time involved in the harvesting of autogenous bone, and are relatively inexpensive. 20, 24 However, allografts do not lead to such complete healing as observed with the use of autoge- 
Bone graft substitutes
Calcium sulphate has been used as a bone graft material since 1892. Since then, the material properties of calcium sulphate have improved and newer bioceramics have been introduced as bone graft substitutes. Today there are four main types of bioceramic available: calcium sulphate, calcium phosphate, tricalcium phosphate, and coralline hydroxyapatite; composite bioceramics use a combination of these types to provide materials with improved properties. 20, 22, 26 Bone graft substitutes come in multiple forms ranging from pellets and solid blocks, to injectable and moldable putty. Bioceramics are neither osteogenic nor osteoinductive, but work by creating an osteoconductive scaffold to promote osteosynthesis. 22 However, bioceramics have the potential to eliminate many of the limitations and complications associated with the clinical use of autogenous and allograft bone, and research continues into improved bone graft substitutes.
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Properties of substitutes. While all bone graft substitutes work on similar principles, they vary in terms of mechanical properties and the rate at which they are re-absorbed. Calcium phosphate provides the highest degree of compressive strength and is therefore recommended for use in elevating the joint surface of tibial plateau fractures. Calcium sulphate has the fastest resorption, lasting between four and 12 weeks, while coralline hydroxyapatite is very slow with the ceramic form still seen on radiographs more than ten years after implantation. 20 Both calcium phosphate and tricalcium phosphate are considered slow to resorb. For calcium phosphate, resorption takes place over six months to ten years and for tricalcium phosphate, resorption occurs over six to 18 months. 20 Because of the varying degree of compressive strength and rates of resorption, engineers have attempted to optimise the characteristics of a bone graft substitute by creating composites comprised of various forms of the four basic types of bone graft substitutes.
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Clinical performance of bone graft substitutes. Whilst there is a great deal of literature relating to the clinical outcomes of bone graft substitutes, it is largely comprised of retrospective studies with few randomised controlled trials. Recently Kurien et al 26 performed a systematic review on the use of bone graft substitutes in orthopaedic practice. They attempted to review 59 bone graft substitutes manufactured by 17 companies, requesting each manufacturer provide all published evidence on their product. 26 After limiting the literature to clinical studies, only 22 bone graft substitutes with 96 articles were available for analysis. 26 The only bone graft substitutes with Level I evidence were Norian SRS (Synthes), Vitoss (Orthovita), Cortoss (Orthovita), and Alpha-BSM (Etex). The authors reviewed the literature regarding the use of bone graft substitutes in the setting of tibial plateau fractures, distal radius fractures, calcaneal fractures, ankle fusions, spinal surgery, nonunion surgery, and revision total hip arthroplasty (THA). 26 Two retrospective studies have been published on the use of coralline hydroxyapatite in the setting of revision THA; in both, it was used in combination with allograft. 28, 29 Aulakh et al 28 compared the use of an allograft and Allogran-N mixture with allograft alone in impaction bone grafting and reported similar rates of implant survival at 13 years. McNamara et al 29 published a case series of acetabular reconstructions with a mixture of allograft and Apapore 60, and reported that 18% of patients had radiolucent lines in acetabular zones 1, 2, or 3 by one year following surgery.
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BMPs BMP works to promote osteoinduction by binding to specific transmembrane receptors on mesenchymal stem cells, osteoblasts, and mature chondrocytes. 30 More than 20 BMPs have been described, all of which are members of the TGF-β superfamily of proteins (with the exception of BMP-1 which is a metalloproteinase). 20 Only six of the identified BMPs (BMP-2, -4, -6, -7, -9, -14) have demonstrated any meaningful osteogenic properties. Among those, only BMP-2 and BMP-7 also encourage neovascularisation. 20, 31, 32 Despite the availability of numerous BMPs, only BMP-2 and BMP-7 are approved by the United States Food and Drug Administration (FDA). The clinical uses of BMP-2 that have FDA approval include its use within a titanium-tapered cage for an anterior lumbar interbody fusion procedures, and in the acute setting of an open tibial fracture. 33 BMP-7 has received approval for long bone nonunion and revision posterior lumbar fusions under the FDA humanitarian device exception, as it has been demonstrated to be equivalent to autogenous bone grafting in the setting of tibial non-unions.
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Stem cells and tissue engineering
Stem cells have the potential to augment the performance of current bone graft substitutes and are the focus of a great deal of ongoing research. Bone marrow aspirate contains a diluted solution of mesenchymal stem cells and it may be possible to produce a stem cell concentrate from a sample of bone marrow by centrifugation. 34 Alternatively, a robust colony of osteogenic cells could be produced by culturing the cells found in bone marrow to increase the concentration of cells by up to 50 population doublings. 34, 35 Tissue engineered bone grafts have been demonstrated to provide all the fundamental properties of an ideal bone graft in vitro; however, it has proven difficult to achieve vascularisation in grafts which are large enough for use in clinical applications. 35 Future developments will focus on improvements of the material composition and vehicles for the delivery of BMPs, and are likely to involve increased use of stem cells. The ideal bone graft will have similar osteoconductive, osteoinductive and osteogenic properties as autogenous bone.
